[1] We have examined Cluster spacecraft 1 (C1) magnetic field and particle observations from 27 August 2001 when the Cluster spacecraft separation was less than 0.27 R E and the spacecraft were located near the equatorial plane of the postmidnight magnetotail at x GSM $ À19 R E and y GSM $ À2.1 R E . A detailed examination of observations recorded between 0350 UT and 0435 UT is performed with special emphasis on the plasma flow reversal from strong tailward flows to earthward flows in the approximate time interval 0400 UT to 0410 UT. Evidence for the expansion phase onset of an isolated substorm between $0406 UT and $0408 UT was reported by Baker et al. [2002]. During the 0400-0410 UT interval, C1 was located in the plasma sheet where the observed plasma density N $ 0.3 cm À3 and the plasma ion b $ 1.5. The Walén analysis applied to the tailward flow interval from 0400:36 UT to 0403:14 UT is consistent with the ions being accelerated to $73% of the Alfvén speed across a slow-mode shock connected to a near-Earth neutral line located on the earthward side of the spacecraft. The occurrence of a small plasmoid-type magnetic flux rope during the leading edge of the tailward flows provides further support in favor of an active region of magnetic reconnection earthward of Cluster. The more field-aligned earthward flows between 0406 UT and 0408 UT, however, failed to satisfy the Walén test. Rankine-Hugoniot analyses of upstream and downstream plasma and magnetic field parameters confirm the presence of a slow-mode shock in connection with the passage of the tailward flow region but not with the 0406 UT to 0408 UT earthward flow interval. The confirmed shock satisfies the critical slow-mode requirements: M I * 1.0 and M SM * > 1.0 on the upstream side and M SM * < 1.0 on the downstream side. Here, M I * and M SM * are the intermediate Alfvén speed and slow-mode phase speed Mach numbers in the frame of the shock. The failure of both the Walén test and the Rankine-Hugoniot analysis on the earthward flow portion of the plasma reversal event may be associated with the strong earthward rB of the inner magnetosphere. The successful joint Walén and slow shock analyses on the tailward flows within the plasma sheet present further evidence in favor of Petschek-type reconnection at distances x GSM > À19 R E of the near-Earth magnetotail.
Introduction
[2] Magnetic reconnection in the neutral sheet of the magnetotail is often cited as a major mechanism in the generation of substorms and fast plasma flows in the tail [e.g., Hones et al., 1986; Angelopoulos et al., 1992; Baker et al., 1996] . Tail reconnection is also considered to be an integral part of the global plasma convection in the magnetosphere and provides a driving mechanism for the earthward return flow of magnetic flux [e.g., Dungey, 1961] .
[3] Øieroset et al. [2000] presented Wind observations from an encounter with high-speed flows lasting several hours in the midtail region at x $ À60 R E . They applied the shear stress balance test which is often referred to as the Walén test [e.g., Walén, 1944; Sonnerup et al., 1987] to the fast flows and showed that the field-aligned flow speeds in the deHoffmann-Teller (HT) frame [deHoffmann and Teller, 1950; Khrabrov and Sonnerup, 1998 ] averaged $60% of the Alfvén speed and never exceeded the Alfvén speed. Sub-Alfvénic speeds are consistent with the presence of slow-mode shocks connected to the diffusion region [Petschek, 1964] that would generally limit the expected acceleration of the ions across the shock layer to sub-Alfvénic velocities [Hau and Sonnerup, 1989] .
[4] Slow-mode shocks were first observed in the distant magnetotail based on ISEE-3 measurements [Feldman et al., 1984; Smith et al., 1984] using the Rankine-Hugoniot shock jump conditions and subsequently also reported in the near-Earth tail [Feldman et al., 1987] in conjunction with a well-examined substorm event [Hones et al., 1986] . In traversing a slow shock, the plasma pressure is predicted to increase while the magnetic pressure should decrease from the upstream side to the downstream side of the shock [e.g., Saito et al., 1995; Seon et al., 1996] . It is therefore expected that the entropy of the ions and electrons should increase as the shock is traversed due to the irreversible dissipation processes in the shock layer.
[5] Observational evidence for reconnection in terms of the Hall effect has recently been reported in the near-Earth tail [Nagai et al., 2001 [Nagai et al., , 2003 Runov et al., 2003] as well as in the midtail region [e.g., Deng et al., 2004] . These studies confirm the expected Hall current effects and quadrupolar magnetic field signatures in the ±B y direction in the vicinity of a neutral line [Sonnerup, 1979] .
[6] In the present study we report quantitative evidence for magnetic reconnection during a tailward jet interval observed by Cluster in the plasma sheet of the near-Earth magnetotail. We perform both the Walén test (section 3) and the Rankine-Hugoniot (RH) shock jump condition analysis (section 4) to test whether the observed jets were accelerated across Petschek-type slow-mode shocks. An examination of the applied shock normal directions which are of critical importance to the RH analyses appears in section 4.2. The results from this event study are discussed in section 5, followed by a summary and conclusions in section 6.
Cluster Observations
[7] A comprehensive overview of this event in terms of substorm dynamics was presented by Baker et al. [2002] . We here focus on the aspect of showing quantitatively that the accelerated flows observed by Cluster in the nearEarth magnetotail were indeed consistent with magnetic reconnection.
[8] The four Cluster spacecraft [Escoubet et al., 2001 ] have an identical set of instruments to measure the magnetic field and the plasma parameters. The Fluxgate Magnetometer (FGM) experiment [Balogh et al., 2001] consists of two triaxial fluxgate magnetic field sensors. The Cluster Ion Spectrometry (CIS) experiment [Rème et al., 2001 ] measures full three-dimensional ion distributions of major magnetospheric species such as H + and O + from thermal energies to $40 keV/e. The CIS instrument comprises two separate instruments: the ''top hat'' electrostatic Hot Ion Analyser (HIA) sensor, with a 5.6°angular resolution, and the time-of-flight mass-resolving ion Composition and Distribution Function (CODIF) spectrometer. The energy range of the HIA sensor is approximately 5 eV/e to 32 keV/e, while the energy range of the CODIF instrument (22.5°angular resolution) is $20 eV/e to 38 keV/e. This study applies FGM magnetic field data and CIS plasma data at 4-s spin resolution. The GSM coordinate system is applied throughout.
[9] An overview of the Cluster spacecraft 1 (C1) spin resolution plasma and magnetic field data recorded between 0350 UT and 0435 UT on 27 August 2001 is displayed in Figure 1 . The panels from the top show the total plasma density using H + and O + measurements from the CODIF instrument, the derived ion b (CODIF data), the magnitude of the ion velocity (HIA instrument data), the three GSM components of the ion velocity (x is black, y is green, and z is red), the angle between the velocity and magnetic field where 90°corresponds to a purely convective velocity component, the three GSM components of the magnetic field (same color code as the velocity), and the total magnetic field jBj. The GSM location of Cluster C1 is found along the time axis below the panels in Figure 1 .
[10] Measurements from Cluster spacecraft 3 (C3) and spacecraft 4 (C4) display very similar signatures in both the magnetic field and the plasma velocity as C1 during this time period [see Baker et al., 2002, Figure 4] . The separation between C1 and C3 ranges between $909 km and $1393 km, while the separation between C1 and C4 was found between $472 km and $1720 km. We will therefore concentrate our Walén and shock jump analyses on observations from C1. Data from the CODIF sensor are employed for all plasma quantities except for the bulk velocity where HIA data were utilized. The bulk velocity from HIA and CODIF are nearly identical.
[11] Several periods of fast ion flows are observed in Figure 1 that reach magnitudes of 400 km/s or more. Three such intervals are indicated in between or near the vertical dash-dot lines in Figure 1 which mark the selected time periods for the Walén analysis in section 3. The onset of a tailward flow region is observed by Cluster C1 at 0401:18 UT. The mostly convective tailward flows then reverse direction and become earthward at 0406:00 UT. The earthward flows are more field-aligned than the tailward flows with an angle between V and B that approximately ranges between 30°and 50°(see third panel from the bottom).
[12] The magnetic field further suggests the presence of a $45 s long magnetic flux rope [e.g., Slavin et al., 2003b] during the leading edge of the tailward flow region. The small flux rope is centered near 0401:52 UT (dotted vertical line) with a positive B z = 4.0 nT perturbation at 0401:47 UT followed by a negative B z = À3.4 nT deflection at 0402:03 UT. The dawnward (B y < 0) increase in the B y component at 0401:52 UT produces a peak in jBj suggesting that the flux rope may be force-free [Slavin et al., 2003b] .
[13] The average plasma b and total density during these intervals of tailward flow (b = 1.54 and N = 0.31 cm The panels from the top show the total plasma density and the ion plasma b based on H + and O + , the magnitude of the ion velocity, the three GSM components of the ion velocity, the angle between the velocity and the magnetic field, the three GSM components of the magnetic field, and the total magnetic field. The GSM components are color coded with x in black, y in green, and z in red. The dotted line mark the center of a plasmoid-type magnetic flux rope, while the dashed-dotted lines separate the time intervals for the Walén analyses.
between the dashed vertical lines in Figure 1 are characteristic of the plasma sheet proper [Baumjohann et al., 1990] . The observed flow reversal also coincides with a rotation of the magnetic field (second panel from the bottom) from a predominant earthward direction prior to the fast tailward flows to a mostly dawnward direction during the tailward flow region, suggesting the downtail release of a plasmoid [see Slavin et al., 2003a, and references therein] . The field then returns to an earthward direction as the flow also turns earthward. A temporary southward excursion of the magnetic field was also detected during the trailing part of the tailward flow region with a minimum near B z = À6 nT.
[14] The plasma sheet interval is followed by a prolonged period of low density and low ion plasma b after 0410:24 UT while the B x component stayed positive, suggesting that the northern tail lobe region encompassed Cluster until $0422 UT when the plasma sheet began to recover over the spacecraft. This recovery occurred as jBj was decreasing, while the positive B z component steadily increased and the positive B x component gradually decreased. Enhanced earthward flows were also being observed as the ion plasma b recovered to its plasma sheet levels.
[15] Global auroral UV images from IMAGE and GOES-8 signatures of field dipolarization and current disruption [Baker et al., 2002] set an approximate substorm onset within the 0406 UT to 0408 UT interval when earthward flows were detected at Cluster. This time period followed the observed tailward flow onset at $0401 UT by 5 min or more, suggesting that reconnection developed at a near-Earth neutral line prior to current disruption and dipolarization.
Walén Analyses
[16] Whether the enhanced ion speeds observed by Cluster in the near-Earth tail on 27 August 2001 are in agreement with acceleration due to reconnection or not may be examined by applying the shear stress balance test (also known as the Walén test) to the measured ion velocity and the magnetic field in the proximity of the assumed onedimensional and time-independent slow shock boundary. Ideal MHD predicts that the magnetic field and plasma velocity across a rotational discontinuity at the magnetopause may be stated as
in the deHoffmann-Teller (HT) frame of reference [Sonnerup et al., 1987] , where V is the plasma velocity, V HT is the HT frame velocity, B is the magnetic field, and a is the pressure anisotropy factor defined as (
. The plasma pressures parallel and perpendicular to B are denoted by p k and p ? , respectively. The effective mass density r f = Nm f assumes an effective mass m f = S i n i m i /N that ideally incorporates the mass m i of all ion species where N is the total plasma density. The above Walén relation thus predicts that the plasma velocity V 0 = V À V HT in the HT frame is field-aligned and that it should correspond to the Alfvén velocity for reconnection events at the magnetopause [e.g., Phan et al., 2001 ].
[17] However, as shown by Hau and Sonnerup [1989] and Øieroset et al. [2000] , it is expected that the shear stress balance relation in equation (1), which is valid for rotational discontinuities at the magnetopause, has to be modified by the strength of the local slow-mode shock assumed to be connected to the reconnection regions of the magnetotail. The modification is determined by the range of locally observed Alfvén Mach numbers M A * upstream and downstream of the shock and results in constants of proportonality that are generally lower than one for slow-mode shocks. The modified Walén relation for the case of an approximately isotropic plasma pressure becomes
where M A * =Ṽ n /V A andṼ n is the component of the plasma velocity normal to the shock boundary evaluated in the frame of the shock [Seon et al., 1996] . The Alfvén speed is given as V A = jBj/ ffiffiffiffiffiffiffiffi ffi r f m 0 p . It is therefore expected that the value of the regression slope should reflect the range of M A * if equation (1) is applied to accelerated flows in the vicinity of magnetotail slow-mode shocks.
[18] The sign of the regression slope from equation (1) in a scatter plot of the components of V 0 versus the Alfvén velocity depends on whether the field-aligned velocity V 0 in the HT frame is parallel or antiparallel to the magnetic field across the slow shock. The Walén slope is therefore predicted to be positive (negative) for tailward jets on the northern (southern) side of the neutral sheet as well as for earthward jets on the southern (northern) side of the neutral sheet [see also Øieroset et al., 2000] .
[19] The three time intervals of enhanced plasma flows indicated in Figure 1 were eventually selected for detailed Walén analyses using equation (1). All three jet intervals were observed north of the neutral sheet as determined by the positive B x components of the magnetic field. The lefthand column of Figure 2 displays the components of the field-aligned ion velocity V 0 in the HT frame versus the estimated Alfvén velocity. It is assumed that the plasma consists of H + and O + alone, thus yielding an effective mass density m f from the CODIF ion composition instrument. Second, we assume that the plasma pressure is approximately isotropic. The x, y, and z components of the displayed vectors on the vertical and horizontal axes are color coded in blue, green, and red, respectively. The HT frame for the chosen time intervals was retrieved following the procedure described by Sonnerup et al. [1987] .
[20] The quality of the individually deduced HT frames is illustrated in the right-hand column of Figure 2 , where the measured convective electric field is compared with the estimated electric field using the HT velocity. Since the HT frame is defined as that frame where the convective electric field ideally vanishes, it is expected for (V À V HT ) Â B to be nearly zero for a high-quality HT frame which corresponds to the observed data being located along the diagonals in the right-hand column of Figure 2 . Note that the axis range varies in Figures 2a -2c such that a direct intercomparison between the quality of the HT frames in the different intervals could be misleading. Good HT frames were found for the intervals in Figure 2a and Figure 2c but not for the interval in Figure 2b where the slope is slightly off-diagonal.
[21] The Walén analysis applied to the Cluster C1 data between 0400:36 UT and 0403:14 UT (Figure 2a) indicates that the measured V 0 equals 73% of the Alfvén velocity (the obtained regression slope) for the tailward flow interval in this high-quality HT frame. The Walén slope is positive, which is in agreement with Cluster observing tailward plasma jets on the northern side of the neutral sheet under the assumption that a near-Earth neutral line exists earthward of Cluster and that the plasma is accelerated across a Petschek-type slow-mode shock connected to the diffusion region.
[22] When equation (1) is applied to the time interval from 0407:25 UT to 0408:05 UT (Figure 2b ) or any other time period during the earthward flow immediately following the tailward flows, it is found that the Walén test results in regression slopes of poor quality. This suggests that the observed plasma and magnetic fields could not be interpreted in terms of a quasi-steady and well-organized, one-dimensional boundary such as a slow-mode shock. The indicated positive regression slope is, furthermore, in contrast to the expected negative slopes during these conditions of observed earthward Figure 1 . The field-aligned flow velocity in the HT frame is shown versus the Alfvén velocity in the left-hand column. The x GSM , y GSM , and z GSM components are shown as blue, green, and red dots, respectively. The correlation coefficient, the best fit regression slope, the quality ratio of the HT frame D/D 0 , and the HT velocity are all shown explicitly for each time period. The right-hand column indicate the quality of the HT frame where the measured data should fall on the diagonal for a good HT frame. flows in the northern (B x > 0) magnetotail region [Øieroset et al., 2000] .
[23] We also applied the Walén test to the 0425:20 UT to 0427:20 UT interval during the plasma sheet recovery when earthward flows were being observed in the northern magnetotail (see Figure 1) . The result is shown in Figure 2c . The comparison of the convective electric fields (right-hand side) indicate a rather well-determined HT frame of reference. Although the Walén slope is of questionable quality (correlation coefficient of À0.54), it appears that the Walén relation results in a negative slope at 33% of the Alfvén velocity. A negative slope is also to be expected for ions being accelerated in the earthward direction on the northern side of the neutral sheet upon traversing a slowmode shock assumed to be connected to a neutral line located tailward of Cluster [see Øieroset et al., 2000] .
[24] In summary, the Walén test was satisfied for the tailward flow portion of the event, with an excellent correlation coefficient of 0.97 and a positive slope of 0.73, consistent with the spacecraft being tailward of the neutral line in the Northern Hemisphere. The Walén test was not satisfied for the earthward flows immediately following the tailward flows, although the negative slope obtained for the recovery flows almost 20 min after the flow reversal is consistent with a location of the spacecraft earthward of a neutral line in the Northern Hemisphere.
Slow-Mode Shock Analyses
[25] Whether the plasma was accelerated across a shock or not may be examined by studying the Rankine-Hugoniot (RH) shock jump conditions and by verification that the entropy indeed increases over the chosen interval. On the basis of the Sackur-Tetrode equation for a monatomic gas, the total entropy S for the protons may be expressed as
where T is the proton temperature (in°K), n is the proton density, m p is the proton mass, k B is the Boltzmann constant, and h is the Planck constant. This gives an expression for the change in total entropy DS = S d À S u [see also Smith et al., 1984] between the downstream and the upstream sides of the shock as
. Subscripts d and u denotes the downstream and upstream sides of the shock, respectively.
[26] The jump in any quantity X on either side of a shock boundary may be expressed as [X] = X u À X d . Using this notation and based on the MHD conservation equations, the complete set of RH shock jump conservation relations [Burgess, 1995, and references therein] are stated as
where the total plasma bulk velocityṼ in the rest frame of the shock boundary is related to the measured GSM velocity V asṼ = V À V sh and V sh is the estimated shock velocity. P p is the total kinetic plasma pressure and g is the ratio of specific heats at constant volume and constant pressure. It is assumed that g = 5/3. The normal and tangential components of the velocity and the magnetic field in the shock frame of reference are denoted by subscripts n and t, respectively.
[27] Equations (4) through (9) correspond to the conservation of mass, normal momentum, energy flow, normal magnetic field, transverse momentum, and the continuity of the tangential electric field, respectively. Note that we assume no additional heat flux in equation (6) and that equation (9) assumes a quasi-steady magnetic field @B/@t = 0.
[28] The normal component of the shock velocity V sh is found by solving equation (4) based on the relationṼ = V À V sh as
where subscripts d and u denote the selected downstream and upstream intervals on either side of the shock boundary. Here, it is assumed that the shock velocity V sh is aligned with the shock boundary normaln.
[29] We initially estimate a shock normal direction by using the magnetic coplanarity theorem, which states that the upstream and downstream magnetic fields are in the same plane as the shock normal. This gives the following expression for the shock normal
The set of RH conditions may now be examined to determine whether a shock layer is present in between any selected pairs of upstream and downstream time intervals by using equations (10) and (11). The validity of the magnetic coplanarity shock normal based on the plasma and magnetic field measurements from Cluster C1 is further analyzed in section 4.2.
[30] There are, moreover, a set of requirements to be satisfied for a slow-mode type of shock. We utilize the following initial set of slow-mode shock conditions: (1) the plasma pressure P p increases across the boundary, (2) the magnetic pressure P b decreases across the boundary, and (3) the propagation angle q B of the direction of the wave decreases across the boundary (i.e., the magnetic field bends toward the boundary normal direction). The angle q B is retrieved as q B = arccos(B Án/jBj).
[31] Another set of critical requirements for the confirmation of slow-mode shocks [e.g., Omidi and Winske, 1989; Seon et al., 1996] 
Application of the Rankine-Hugoniot Relations
[32] In order to compare the results from the Walén analyses with the assumption that slow-mode shocks accelerated the plasma observed at Cluster, we now apply the given RH requirements and slow-mode shock criteria for three sets of upstream and downstream time intervals. The selected times for the downstream periods should be located in relative proximity to the observed plasma speed enhancements marked within the vertical lines in Figure 1 . A clear increase in the H + temperature is also utilized in the selection of the downstream time period. The upstream intervals will be found at some time prior to the downstream events or before the arrival at Cluster of the assumed shocks which stand in the flow. The upstream regions thus ought to reflect an average plasma sheet bulk speed on the order of 150 km/s or lower (see Figure 1 ) with a proton temperature that is clearly lower than downstream.
[33] Figure 3 displays a number of plasma and magnetic field quantities relevant to the shock analysis. From the top, these are the total H + and O + plasma density N, the ion plasma b, the H + temperature, the total H + entropy from equation (3), the total plasma and magnetic field pressure, the kinetic plasma pressure P p , the plasma bulk speed, and the magnetic field magnitude jBj. The selected three pairs of upstream and downstream time intervals are indicated by vertical bars in the bottom panel. As seen in the total magnetic field, there is a tendency toward higher jBj during the indicated upstream intervals as compared with the downstream periods which is expected for slow-mode shocks. The H + temperatures are also higher downstream than upstream, which is generally reflected in the total kinetic plasma pressure as well.
[34] The magnetic coplanarity theorem in equation (11) is first applied to retrieve the estimated boundary normals for the average magnetic fields during the separate upstream and downstream intervals. We then derive the shock velocity using equation (10) and find the H + entropy change from equation (3) by use of the average ion bulk velocity V and H + temperature and density. The resulting boundary normalsn and shock velocities V sh (in GSM) are listed in Table 1 together with the entropy changes DS (in meV/K) for their respective upstream and downstream time intervals. The resulting DS indicate that the entropy generally increases across all three boundaries, since this quantity is positive that supports the presence of shocks.
[35] The derived shock normals and shock velocities in Table 1 are now used to verify whether or not the three boundaries can be identified as shocks and in particular whether the slow-mode shock criteria stated previously are satisfied across the boundaries. The complete shock analysis using the averaged quantities during the three upstream and downstream intervals in Figure 3 is found in Table 2 . Note that the RH jump condition for the conservation of mass (RH 1 ) and the jump condition for the normal magnetic field (RH 4 ) are satisfied by definition for all boundaries, since these were used to derive the shock velocity and normal.
[36] The observed upstream normal momentum (RH 2 ) and the upstream energy flow (RH 3 ) for the first boundary near the tailward flow region are observed within 3% and 8% of the downstream momentum and energy flow quantities, respectively. The average tangential momentum (RH 5 ) and the tangential electric field (RH 6 ) are also found within 10% and 29% of the downstream levels, respectively. These deviations should be compared with the 30% energy criterion used by Saito et al. [1995] as a shock indicator. It is therefore quite likely that the nature of this first boundary satisfies that of a shock based on the applied RH jump conditions and the increase in entropy.
[37] Concerning the characterization of the first shock, we further observe that (1)
This indicates a slow-mode character of the shock. However, these measurements also suggest that (1) M I * = 0.86 on the upstream side, (2) M SM * = 1.07 on the upstream side, and (3) M SM * = 0.85 on the downstream side of the shock. These Mach number conditions thus satisfy the more stringent criteria for a slowmode shock in the vicinity of the tailward flow region as suggested by, e.g., Seon et al. [1996] , and we conclude that a slow-mode shock most likely passed Cluster C1 in between the given upstream and downstream time intervals (see Tables 1 -2) . Note also that the range of observed upstream and downstream Alfvén Mach numbers 0.76 < M A * < 0.80 compares very well with the approximate Walén slope of 0.73 in Figure 2a as predicted, e.g., by Øieroset et al. [2000] .
[38] The second boundary near the earthward jet interval immediately following the enhanced tailward flow region also suggests the likely presence of a shock based on the increase in the H + entropy and the general balance of the upstream and downstream RH jump conditions (see Tables 1 -2) . However, the upstream energy flow (RH 3 ) and the tangential electric field (RH 6 ) are $24% lower and $48% larger, respectively, than the corresponding downstream RH quantities. The remaining jump conditions are all within 15% of being balanced. This suggests a larger degree of uncertainty in the shock jump conditions for this earthward flow event than for the tailward flow analysis. Moreover, the kinetic plasma pressure across the boundary stays rather constant. The magnetic field pressure, however, is $27% lower downstream than on the upstream side and the magnetic field bends toward the estimated shock normal across this boundary. On the basis of these conditions alone, Figure 3 . A number of plasma and magnetic field quantities relevant to the shock analysis are displayed. From the top, these are the total H + and O + plasma density N, the ion plasma b, the proton temperature, the total proton Sackur-Tetrode entropy, the total plasma and magnetic field pressure, the kinetic plasma pressure P p , the observed plasma bulk speed, and the magnetic field magnitude. The selected three pairs of upstream and downstream time intervals are indicated by vertical bars in the last panel.
it seems that the assumed shock has a slow-mode characteristic, although the kinetic pressure barely increases. We finally observe that the Seon et al. [1996] Mach number conditions are not fully satisfied, since M I * > 1 on the upstream side and M SM * > 1 on the downstream side of the shock. This suggests that the boundary is not slow-mode in character, if indeed it is a shock.
[39] For the last of the high-speed flow intervals, during what was likely to be the recovery phase of the substorm [Baker et al., 2002] , the H + temperature and entropy clearly increase from the upstream (lobe) to the downstream (plasma sheet) environment as expected at a shock (Table 1) . Moreover, it is observed that the upstream normal momentum (RH 2 ) is only $17% higher than the downstream level. The tangential momentum across the assumed shock is clearly not balanced, however. It seems, furthermore, that the energy flow (RH 3 ) is $68% lower on the upstream side than on the downstream side of the boundary. It would be necessary to assume a rather large additional heat flux component in the upstream lobe-like region to balance the energy budget across this boundary if we assume it is a shock.
[40] We finally examine the slow-mode shock criteria for the last boundary and observe that (1)
by $60%, and (3) q B u $ 40°while q B d $ 10°. These relations strongly indicate the presence of a slow-mode shock. Turning to the Mach number criteria, it is moreover found that (1) M I * = 0.40 on the lobe (upstream) side of the Figure 3. b
The parallel or antiparallel direction of the shock speed along the shock normal is indicated by the sign. boundary, (2) M SM * = 1.76 on the lobe (upstream) side, and (3) M SM * = 0.50 on the plasma sheet (downstream) side of the shock. Again, these Mach number criteria are fully consistent with a slow-mode shock [Seon et al., 1996] . The range of upstream and downstream Alfvén Mach numbers are 0.31 < M A * < 0.33, which compares well with the estimated Walén slope at 33% of the Alfvén velocity in Figure 2c , although the low correlation coefficient (cc = À0.54) reflects a considerable degree of scatter in the fieldaligned velocity.
[41] In summary, these Cluster C1 data are consistent with slow-mode shocks in connection with the tailward flows (first interval in Figure 1 ) and most likely with the earthward flow region at the time of the plasma sheet recovery over Cluster (third interval in Figure 1) . When comparing the GSM directions of the derived shock velocity V sh (see Table 1 ) with the deHoffmann-Teller velocity V HT in Figure 2 for these two flow regions, it is moreover clear that the shock frame and HT frame velocities point in approximately similar directions. The angle between V sh and V HT is $30°for the tailward case while $40°for the earthward case during the plasma sheet recovery. We conclude that the joint Walén analyses and shock analyses for these two events are consistent with the presence of nearby Petschek-type slow-mode shocks connected to a near-Earth neutral line across which the ions gained their acceleration.
Shock Normal Optimization
[42] The shock normal direction is expected to satisfy the magnetic coplanarity theorem as stated in equation (11) according to theoretical considerations for both fast-mode and slow-mode types of shocks [e.g., Hau and Sonnerup, 1989; Burgess, 1995] . However, any measurement is associated with a level of uncertainty that may result in a deviation from fully satisfied RH conditions. An optimization analysis is therefore performed for each of the three previously identified shock periods (see Table 1 ) in search of that unit normal directionn c = (n x , n y , n z ) for which the sum of the observed differences between the upstream and downstream sets of RH shock jump conditions are minimized.
[43] The applied method is based on the technique of Seon et al. [1996] that defines a function c 2 (q, f), where q = arccos(n z ) and f = arctan(n y /n x ) are the spherical polar and azimuthal GSM coordinates of the normal unit sphere. Here, we define c 2 as
where X i are the observed upstream and downstream MHD quantities from the RH shock jump conditions previously stated in equations (4) -(9). A larger degree of uncertainty is expected in the conservation of energy flow due to the exclusion of any additional heat flux component in equation (6). We therefore omit RH 3 in the definition of c 2 . A total number of N q Â N f = 180 Â 360 unit normals are considered, corresponding to an angular resolution of Dq Â Df = 1°Â 1°for the total set of normal vectorsn over the unit sphere. The c 2 distribution is then searched for thosen directions that satisfy (1) Figure 4 displays the optimization results for the first shock interval during the tailward flow interval near 0401 UT (see Table 1 ) with the polar and azimuthal dependent c 2 distributions shown in Figures 4a -4b . The polar and azimuthal angles that correspond to c mc 2 are marked by square symbols and dashed vertical lines in blue. The polar angle distribution of c 2 is symmetric on either side of q = 90°due to the two opposite ±n directions. The normal direction symmetry is also reflected in the azimuthal dependence of c 2 , which results in two pairs of local minima separated by Df = 180°. The two unique minima at f a = 281°and f b = 302°are shown in Figure 4b with those unit directions corresponding to the 15% RH criteria and c 2 c mc 2 represented as blue dots. We further identify two subsets of normal directions around f a and f b from this data set that also satisfy the critical slow-mode shock requirements M I * 1.0 and M SM * > 1.0 on the upstream side and M SM * < 1.0 on the downstream side. These subsets are displayed as red and green dots, respectively.
[45] An optimum unit normaln c is defined within the slow-mode subset related to the c 2 minimum at f b and for that direction where the RH jump condition is also optimized for the normal magnetic field condition RH 3 . The derived normaln c = (0.507213, À0.844145, À0.173648) is indicated by a red square and dashed red lines in Figures 4a -4b . This normal direction makes an angle of only $4.3°withn mc and suggests that the unit normal direction provided by the magnetic coplanarity theorem is a good approximation for the shock normal direction. The total c 2 is also improved by an order of magnitude so that the corresponding upstream and downstream RH conditions forn c all agree within 10% as shown in Table 3 .
[46] The range of slow-mode Mach numbers M SM * and Alfvén Mach numbers M A * for the three subsets are shown in Figures 4c -4d . The corresponding Mach numbers using the two normal directionsn mc andn c are again depicted by the blue and red squares, respectively, with M SM * = 1.23 and M A * = 0.87 on the upstream side, while M SM * = 0.98 and M A * = 0.92 on the downstream side forn =n c .
[47] An optimization analysis for the second shock period in connection with the earthward flows near 0407 UT fails to provide any evidence in favor of slow-mode shocks. However, an optimum shock normal direction is found within $26°of then mc direction that improves the correspondence between the upstream and downstream RH conditions (see Table 3 ).
[48] The optimization results for the last shock analysis during the plasma sheet recovery phase are displayed in Figure 5 . Only one unique c 2 minimum is found during this period with the expected ±n symmetry. A search for thosen directions that satisfy (1) c 2 c mc 2 and (2) (
, where e = 0.15 and i 6 ¼ (3, 5) results in a total of 512 unique normal directions. A total of 462 normal directions from this subset or $90% also satisfy the critical slow-mode shock requirements and are displayed as green dots in Figures 5a -5b . The subset shown in red correspond to the oppositely directed shock normal directions.
[49] In omitting the conservation relations for both the energy flow (RH 3 ) and the tangential momentum (RH 5 ), it is possible to find a normal direction (red square in Figure 5 ) that results in smaller deviations (than otherwise obtained using i 6 ¼ 3) between the upstream and downstream normal magnetic fields while still improving the total c 2 by nearly two orders of magnitude (see RH in Table 3 ). This optimum normaln c = (À0.262782, À0.128167, 0.956305) makes an angle of $63°with the estimatedn mc from the magnetic coplanarity theorem. The large normal deviation may be related to the fact that the selected upstream and downstream intervals are typical of the low-b lobe and the high-b plasma sheet regions (see Figure 3 ) that always will appear as a quantitative slow-mode transition. However, the identification of the boundary as a slow-mode shock is still consistent with the critical Mach number requirements for the optimized shock normal (red square in Figures 5c -5d) , since M I * = 0.29 and M SM * = 1.31 on the upstream side and M SM * = 0.43 on the downstream side of the boundary.
[50] The lower Alfvén Mach numbers obtained on either side of the boundary usingn c (red square in Figure 5d ) suggest that a relatively lower regression slope should be expected in the HT frame of reference when the Walén analysis is applied to these high-speed flows near the plasma sheet boundary layer. An opposite tendency toward higher M A * resulted from the optimized normal analysis when it was applied to the tailward flows within the plasma sheet proper (see Figure 4d ). Whether this is a coincidence or not is impossible to say based on this single event study. It is concluded, however, that the presence of slow-mode shocks are confirmed in connection with the high-speed tailward flow region in the plasma sheet and the earthward flow region during the plasma sheet recovery on the basis of these shock normal optimization analyses.
Discussion
[51] The mean location of the near-Earth neutral line is statistically expected near x GSM = À25 R E based on Geotail observations [Nagai et al., 1998 ]. The Cluster measurements presented here strongly suggest that a reconnection site initially formed in the plasma sheet earthward of Cluster which was located north of the neutral sheet (B x > 0) at x GSM = À19 R E . 2 minima with improved RH conditions that also satisfy the critical slow-mode shock requirements (green and red). The c 2 distributions and Mach numbers in blue correspond to normal directions where the Mach number requirements failed. Dashed blue lines and squares correspond to the normal direction from the coplanarity theorem, while the red squares and dashed lines indicate a normal direction within the ''green'' subset that yield an optimized normal magnetic field RH condition (see text for details).
[52] The neutral line region generated an interval of tailward plasma flows that satisfied the Walén test with the expected positive slope [Øieroset et al., 2000] . Furthermore, the sub-Alfvénic field-aligned velocity in the HT frame at 73% of the Alfvén velocity compared well with the upstream and downstream Alfvén Mach number in a confirmed slow-mode shock frame (see Tables 2 -3 ). The connection of a Petschek-type slow-mode shock with a near-Earth neutral line is also apparent from the general agreement between the direction of the shock velocity V sh = (À349, 616, 74) km/s (see Table 1 ) and that of the deHoffmann-Teller frame velocity V HT = (À595, 362, À23) km/s (see Figure 2) . The separation angle between these vectors is $30°. A clear deflection of the magnetic field was further observed in the negative B y direction (peak B y $ À20 nT) which is consistent with the direction of the predicted Hall magnetic field in this region north of the neutral sheet and tailward of the neutral line [see, e.g., Sonnerup, 1979; Runov et al., 2003] .
[53] The magnetic field rotation from positive B x to negative B y and a negative B z component during the tailward flow interval is also consistent with the presence of a plasmoid taking off downtail with a B y < 0 core field direction. The sudden release in the total plasma and magnetic field pressure (see fourth panel from the bottom of Figure 3 ) from $0.43 nPa at the beginning of the tailward flow region to $0.25 nPa at the approximate reversal to earthward flows lends further support to the downtail release of a plasmoid. Further evidence of plasmoid formation is also given by the observation of a smaller-scale plasmoidtype magnetic flux rope [Slavin et al., 2003a] that was detected during the leading edge of the tailward flow interval. Small-scale plasma sheet flux ropes are often reported near the leading edges of earthward and tailward high-speed flows in the near-Earth magnetotail [Slavin et al., 2003a [Slavin et al., , 2003b and are regarded as strong evidence in favor of multiple X-line reconnection [e.g., Deng et al., 2004] .
[54] The subsequent earthward plasma flows suggest that the neutral line either propagated downtail over the spacecraft or that it reformed on the tailward side of Cluster. The observed plasma velocity and the magnetic field data neither satisfied the Walén analysis (see Figure 2b ) for this earthward flow interval, nor could we confirm the presence of a slow-mode shock (Tables 1 -3 ). The observed negative B y component of the magnetic field during this interval neither satisfies that of the expected positive Hall B y field. The failure of these quantitative tests may be due to instabilities caused by the near-Earth magnetic field pressure gradient [e.g., Shiokawa et al., 1998 ] and their effects on the assumption of quasi-steady shocks.
[55] The earthward flow region in connection with the probable plasma sheet recovery at $0426 UT (see Figure 1) clearly suggests the passage of a slow-mode shock based on the critical slow-mode shock requirements [Seon et al., 1996] that likely resulted in the expected negative Walén slope in Figure 2c . The magnetic field (see Figure 1) further displayed a change in the positive B y direction (peak B y $ 8 nT) as would be expected for a Hall-type magnetic field deflection earthward of a near-Earth X-line. Moreover, the field-aligned velocity estimate in the HT frame corresponds to $33% of the Alfvén velocity which compares well with the sub-Alfvénic range of upstream M A * = 0.31 and downstream M A * = 0.33 (see Table 2 ). Although the range of M A * is reduced to M A * $ 0.10 when applying the optimized normal direction (see Figure 5) , it should be noted that there is some uncertainty related to the Walén slope as well due to the rather poor correlation coefficient of only cc = À0.54.
[56] The considerable degree of variance in the measured velocity in the HT frame (see Figure 2c ) may reflect the influence of the obstacle posed by the near-Earth magnetic field [Shiokawa et al., 1998; Priest and Forbes, 2000] on the assumption of time independence when applying the Walén test. The observed large deviation between the upstream and downstream (dominant) Rankine-Hugoniot energy flow condition also weakens the quasi-steady slow-mode shock argument for this earthward flow interval. Recall, however, that no additional heat flux component was included in the RH shock jump condition (see equation (6)).
[57] As illustrated in an electromagnetic hybrid code simulation of slow-mode shocks in low b plasmas [e.g., Omidi and Winske, 1989] , a substantial fraction of backstreaming ions may leak into the upstream region from the downstream ion population as was also confirmed by in situ measurements from the Geotail spacecraft in the distant magnetotail [Saito et al., 1996] . Such fluxes may account for some of the energy budget offset in the low ion b environment (see Tables 2 -3 ) that the Cluster spacecraft encountered between the lobe region and the plasma sheet during the recovery phase.
[58] There are several reports on successful shock analyses performed between the interface of the magnetotail lobe and the plasma sheet [e.g., Seon et al., 1996] where these regions are given as the upstream and downstream regions, respectively. However, for our first slow shock boundary near $0401 UT, reconnection had just been initiated in the plasma sheet and had not yet proceeded to lobe field lines [Baker et al., 2002] . The RH jump conditions were satisfied for the upstream and downstream intervals for this event, implying the presence of slow shocks connected to a neutral line in the plasma sheet.
Summary and Conclusions
[59] Using Cluster data from the CIS and FGM instruments, we have shown that an interval of enhanced tailward flows in the very near-Earth plasma sheet at x $ À19 R E is in quantitative agreement with magnetic reconnection in connection with slow-mode shocks. A single substorm also occurred during this 27 August 2001 event and was described in detail by Baker et al. [2002] .
[60] The evidence consists of sub-Alfvénic field-aligned velocities in the deHoffmann-Teller frame of reference as based on the Walén test together with the following fully satisfied slow-mode shock criteria between the upstream and the downstream sides of the shock: (1) the ion entropy increased downstream, (2) the plasma pressure Figure 5 . Shock normal optimization analysis for the shock boundary detected during earthward plasma flow between the upstream magnetotail lobe and the downstream plasma sheet. Same format as Figure 4 . One unique f-dependent c 2 minimum is observed at f = 201°. All normal directions with improved RH conditions that correspond to satisfied slow-mode shock requirements around f = 201°(f = 21°) are shown in green (red). The c 2 distribution and Mach numbers in blue correspond to normal directions where the Mach number requirements failed. A red square indicate a normal direction that yield an optimized normal magnetic field RH condition within the ''green'' subset. P p increased across the shock, (3) the magnetic pressure P b decreased across the shock, (4) the propagation angle q B of the direction of the wave decreased downstream (i.e., the magnetic field bent toward the shock normal direction), (5) the upstream intermediate Alfvén Mach number M I * 1.0, (6) the upstream slow-mode magnetosonic Mach number M SM * > 1.0, and (7) the downstream slow-mode magnetosonic Mach number M SM * < 1.0. The positive Walén slope is consistent with accelerated flows across a slow shock on the tailward side of a neutral line in the Northern Hemisphere. The upstream and downstream Alfvén Mach numbers also compared well with the sub-Alfvénic Walén slope.
[61] The fast earthward flows detected immediately after the tailward flows, however, did not satisfy these slowmode shock requirements, nor did they satisfy the Walén test. Our single event study suggests that the shocks and the accelerated plasma on the earthward side of the neutral line were indeed more directly affected by the obstacle of the stronger near-Earth magnetic field [e.g., Priest and Forbes, 2000, and references therein].
[62] The earthward flow region observed during the plasma sheet recovery satisfied the basic slow-mode criteria listed above, but the Rankine-Hugoniot shock jump relation for the energy flow was not consistent with that of a shock unless a very large heat flux component would be added to the upstream (lobe) side of the assumed shock. Such a heat flux may originate in low b plasmas from the leakage of hotter backstreaming ions from the downstream side of the shock [e.g., Omidi and Winske, 1989; Saito et al., 1996] . Moreover, the Walén test suggests a regression slope of the correct sign (negative) in this region north of the neutral sheet and on the earthward side of the assumed near-Earth neutral line. The derived Walén slope is also consistent with the range of upstream and downstream Alfvén Mach numbers in the frame of the slow-mode shock.
